An online controller is used to provide a stable condition for engineering systems due to the external disturbances and uncertain inputs by automatically changing the controller parameters to satisfy the necessity of system performance. Previous studies confirmed the advantages of fuzzy controller, which has intelligent functions that can be used to predict responses through a learning process, perform optimization work and is capable of maintaining the system performance due to changing condition [1]. However, there are several problems commonly associated with fuzzy controllers. First, it is always designed without obtaining the optimum range of the membership function inputs, value of outputs and controller rules. Without an optimum set of parameters, the performance of the controller and its ability to achieve a specific desired output will be compromised. The second common problem is developing the fuzzy controller on a nonlinear model without identifying the actual system parameters. In this case, a fuzzy controller will produce insignificant output performances. Hence, the control strategy using the existing fuzzy membership function will not be able to produce the optimum performance during the initial analysis work in order to achieve the required performance levels.
INTRODUCTION
An online controller is used to provide a stable condition for engineering systems due to the external disturbances and uncertain inputs by automatically changing the controller parameters to satisfy the necessity of system performance. Previous studies confirmed the advantages of fuzzy controller, which has intelligent functions that can be used to predict responses through a learning process, perform optimization work and is capable of maintaining the system performance due to changing condition [1] . However, there are several problems commonly associated with fuzzy controllers. First, it is always designed without obtaining the optimum range of the membership function inputs, value of outputs and controller rules. Without an optimum set of parameters, the performance of the controller and its ability to achieve a specific desired output will be compromised. The second common problem is developing the fuzzy controller on a nonlinear model without identifying the actual system parameters. In this case, a fuzzy controller will produce insignificant output performances. Hence, the control strategy using the existing fuzzy membership function will not be able to produce the optimum performance during the initial analysis work in order to achieve the required performance levels.
Based on the abovementioned problems, a method to automatically adjust the fuzzy controller parameters is required to overcome the effect of external disturbances while dealing with parameter optimizations and nonlinear system models. The parameters known as the centre and spread of the membership function for both inputs and output values were adjusted and optimized automatically to improve the controller performance. Fuzzy controllers with optimization capabilities are often called as "adaptive fuzzy". Currently, there are some research works that have proposed adaptive fuzzy controllers for nonlinear vehicle systems. Most of the adaptive fuzzy controllers were developed to meet the desired system performance, such as improving vehicle handling and ride stabilities performance using active suspension [2] and [3] , controlling vehicle slip using antilock braking system [4] , monitoring the vehicle gap keeping [5] , developing electrical system for electric vehicle [6] and [7] and yaw moment control for independent rear wheel drives [8] . The primary intention of the proposed adaptive fuzzy controllers was to solve the problem of selecting the range of controller parameters that can deliver the desired system performance.
In this study, a control strategy of yaw rejection system for armoured vehicle using active front steering (AFS) system is proposed. The proposed control strategy for yaw rejection is developed on a validated four-wheeled armoured vehicle model. It consists of two outer loop controllers for yaw rate feedback and lateral force feedback. The aim of designing the outer loop controllers is to reduce the magnitude of unwanted motion in the lateral direction by minimizing yaw and lateral motions due to firing force. The outer loop controllers for yaw rate feedback and lateral force feedback proposed in this study have been developed using proportionalintegral-derivative (PID) control and fuzzy-PI control strategy, respectively. The proposed control strategy with adaptive fuzzy-proportional-integral (fuzzy-PI) control is then compared against the general fuzzy-PI control and the conventional proportional-integral (PI) control to evaluate the effectiveness of adaptive fuzzy-PI control.
This paper is structured as follows: the introduction and previous works on adaptive fuzzy control are explained in the first section. The second section focuses on the mathematical equations of the armoured vehicle model and is followed by validation model in the third section. The next section shows the development of the proposed control strategy with adaptive Fuzzy-PI control. The sixth section discusses the simulation results of the adaptive Fuzzy-PI control and is followed by the overall conclusion in the last section.
ARMOURED VEHICLE MODEL
The armoured vehicle considered in this study, as illustrated in Fig. 1 , is based on a category of a movable weapon system with four wheels and can fire a projectile from the gun turret. The armoured vehicle covers the ride model and the handling model, which is free to pitch, roll and heave as well as allowing movements in longitudinal, lateral and yaw directions at its centre of gravity (CG).
Fig. 2. Armoured vehicle ride model
Based on the armoured vehicle ride model shown in Fig. 2 , the dynamics behaviour of the armoured vehicle in terms of pitch, roll, and heave motions are derived mathematically using equations of motions from Newton's second law as follows: 
Fig. 3. Armoured vehicle handling model with firing disturbance
The yaw angular acceleration acting on the armoured vehicle handling model is also based on the effects of tyre forces, i.e. lateral force and longitudinal force, and it can be derived as: 
VALIDATION OF ARMOURED VEHICLE MODEL
In order to validate the armoured vehicle model, a handling test was conducted using a Ferret Scout Car armoured vehicle. Several transducers were installed in the armoured vehicle to observe the vehicle's behaviour such as lateral acceleration, roll angle, yaw rate and steering input from the driver, as shown in Fig. 4 . Validation of the developed armoured vehicle model can be defined as an assessment and comparison of the developed model's behaviours with the actual armoured vehicle's behaviours [9] . The validation of the armoured vehicle model is done by comparing the behaviour obtained from the simulation model with the actual responses obtained from the experimental armoured vehicle using similar handling test. The experimental results were also used to optimize the parameters of the developed armoured vehicle model.
Fig. 4. Instrumented experimental armored vehicle
The model validation is performed for a double lane change test. However, due to several constraints, such as limitation of the experimental area and the speed of the Ferret Scout Car, the experimental work is performed with speed of 40 km/h. Fig. 5 shows the steering input delivered by the driver in double lane change test. The validation results for the double lane change test are analysed in terms of lateral acceleration, yaw rate and roll angle of the armoured vehicle. The results are shown in Fig. 6 to 8, respectively. It can be seen that simulation model has similar trends and magnitudes with the actual manoeuvring of the armoured vehicle. The small deviations in the validation results were caused by the error from the driver in maintaining a constant speed for the actual handling test. For the overall validation results, it is clear that the behaviours obtained from the simulation work and the experimental work for the double lane change test have similar responses with acceptable rates of error. The validated armoured vehicle model is then used to develop a yaw cancellation system using active front steering in the next section. 
THE PROPOSED CONTROL STRATEGY OF AFS FOR ARMOURED VEHICLEs
The AFS for four-wheeled armoured vehicles is developed by installing an additional mechanism consisting of a direct current (DC) motor, known as an AFS actuator as well as AFS gearbox, as illustrated in Fig. 9 . This mechanism is installed in the conventional Pitman arm steering system by maintaining the existing parts, including the steering wheel, steering column, recirculating ball gearbox, pitman arm and steering linkage. The AFS gearbox is used to superimpose the steering wheel angle obtained from the driver and angle of steering correction from the AFS actuator. In AFS, there are two angles need to be evaluated: the steering wheel input given by the driver and the steering correction angle generated by the AFS actuator. The combination of both angles provides a correction angle to the front wheels through the Pitman arm joint.
In this study, an additional controller loop is introduced as lateral force rejection control (LFRC). The purposed of LFRC loop is used to measure the estimated lateral force (F ye ) in order to eliminate the unwanted lateral motion due to the firing impact. The LFRC is adopted from the principle of skyhook control usually used in suspension control, the main purpose of which is to improve the vertical behaviour of the vehicle subjected to road disturbances [10] and [11] . Using the same concept, skyhook control principle was applied in LFRC to reduce unwanted disturbances in lateral direction. The configuration of the estimated lateral force is shown in Fig. 10 , which consists of an imaginary lateral damper (C lateral ) to provide virtual damping for the system and an imaginary lateral wall as the reference point. The estimated lateral force (F ye ) is defined as:
Here,  y GC is known as the lateral velocity of the armoured vehicle. This can be obtained by differentiating the global coordinate of lateral displacement (y GC ) of the armoured vehicle. The lateral displacement of y GC is defined as: The proposed AFS control strategy is designed using a four-wheel armoured vehicle model as shown in Fig. 11 . The system is developed by assuming that the armoured vehicle travels in the longitudinal direction without any steering input from the driver.
This control strategy consists of two feedback loop controllers, which are inner and outer loop controls. The inner loop controller is developed to control the AFS actuator while the outer loop controller is to control the overall dynamic performance of the armoured vehicle during firing. In the outer loop controller, both the yaw rate and lateral force controller feedback are used to reject the unwanted yaw motion while simultaneously minimizing the lateral movement of the armoured vehicle subjected to firing impact.
A conventional PID controller is used as the yaw rate feedback controller in order to estimate the yaw rate error of the armoured vehicle. This error is used as the reference point for the following controller loop, known as the lateral force control. This lateral force control is monitored by a self-tuning PI control adapted by a nonlinear fuzzy membership function. Henceforth, the desired lateral force (F yd ) is defined as:
where y a is actual yaw rate, y d is desired yaw rate, while K py , K iy / S and K dy s are vehicle controllers for yaw rate response. F yd is compared with the estimated lateral force (F ye ) in order to measure the desired angle of steering correction (δ d ). The steering correction is used to counterback the steering wheel angle due to the firing disturbance acting at the centre of weapon platform. Therefore, the δ d is measured as below:
where K pl and K il / S are proportional and integral gains for lateral force control, respectively. Initially, the gain values of proportional and integral are set to be a constant values throughout the simulation procedure. However, these constant values are not compatible once the conditions or disturbances vary with time. Hence, a self-tuning method is required in order to tune the constant values according to the disturbance or condition. The self-tuning method can be implemented for both proportional and integral gains by identifying the maximum and minimum gain values through the simulation procedure. where, x j is input to the fuzzy set, j = 1, …, n (n is number of inputs) and i = 1, …, r (r is the number of rules). The parameter b i is the output values of the fuzzy set, while c j i and σ j i are centre and spread of Gaussian membership function inputs, respectively. However, the parameters of the fuzzy control itself need to be configured varying with time since there are several constant parameters which are b, c and σ. Therefore, an adaption law is absorbed in the self-tuning Fuzzy-PI controller in order to enhance the performance of the AFS control strategy. The adaptation law is developed based on an adjustment mechanism to update the constant parameters of the fuzzy controller. The adjustment mechanism for the fuzzy controller is developed using first order reference model as shown in Fig. 11 . The intention of the adjustment mechanism is to vary the fuzzy controller parameters, i.e. b, c and σ. The yaw rate (y a ) response is considered in designing the adjustment mechanism of the fuzzy control. It is assumed that output from fuzzy control f (x|θ) is similar with the yaw rate response, and error (e m ) for the adjustment mechanism can be written as:
e m is designed to minimize error between the reference model (y m ) and yaw rate response (y a ). By considering the number of rules (r), the parameters of input c, σ and the output parameter b can be adjusted by updating the parameter values using gradient descent method as follows:
where, update parameter values λ 1 , λ 2 and λ 3 need to be fine tuned. The first derivative of adjustment error (e m ) with respect to fuzzy parameters b, c and σ are written as follows: 
PERFORMANCE ASSESSMENT OF THE ADAPTIVE FUZZY-PI CONTROL FOR ARMOURED VEHICLE USING ACTIVE FRONT STEERING
The performance of proposed control strategy is analysed for a duration of 2.5 seconds. The control parameters of PI control, parameters of the armoured vehicle model, membership functions of Fuzzy-PI, input rules of Fuzzy-PI control output rules of fuzzy-PI control and control parameters of adaptive fuzzy-PI control are presented in Tables 1 and 2 , Fig. 12 and Tables 3 to 5, respectively. The cumulative Gaussian for error and error rate membership functions are set as negative big (NB), negative small (NS), zero (ZE), positive small (PS) and positive big (PB). Meanwhile, the output values to update the PI control are set as big (B), medium big (MB), medium (M), medium small (MS) and small (S). Similar performance also can be observed in the yaw rate and yaw angle, as shown in Figs. 14 and 15, respectively. In both cases, the control strategy with the adaptive Fuzzy-PI control shows better performance in minimizing both the settling time and the response magnitude in comparison to the control strategy with Fuzzy-PI and PI controls. For the yaw rate response in Fig. 14 , it can be observed that the control strategy with adaptive Fuzzy-PI control has been successful in minimizing the yaw rate magnitude as compared to its counterparts. The control strategy with the adaptive Fuzzy-PI control also managed to isolate armoured vehicle body from the unwanted yaw rate almost 20 % more than the Fuzzy-PI control for all firing angles. By isolating the unwanted yaw rate from the armoured vehicle body, the dynamics stability of the armoured vehicle during firing on the move can be improved. This will improve the vehicle's ability to move at the intended direction when firing. Furthermore, the probability of the armoured vehicle becoming unstable can be minimized. Similarly, the control strategy with the adaptive Fuzzy-PI control demonstrates a significant reduction on yaw angle response at body centre of gravity on firing test with angles of 30, 60 and 90 degrees compared to Fuzzy-PI and PI controls, as shown in Fig. 15 . From the simulation results, it is evident that the adaptive Fuzzy-PI control is very effective in minimizing the yaw angle error. The yaw angle response for all firing tests is summarized in Table  6 . By minimizing the yaw angle error, directional stability of armoured vehicle during firing while moving can be improved, which is the major aspect of armoured vehicle safety. 
CONCLUSION
A control strategy for an armoured vehicle using AFS system has been developed on a validated model of a four-wheel armoured vehicle using MATLAB-SIMULINK. The main purpose of this proposed control strategy is to enhance the dynamic performance of the armoured vehicle, such as lateral displacement, yaw rate and yaw angle when firing on the move. There are two feedback controllers used in this study: yaw rate feedback using PID control and lateral force feedback using adaptive Fuzzy-PI control. The proposed AFS control strategy is then evaluated via simulation involving various firing angles of 30, 60 and 90 degrees. Based on the simulation results, it can be observed that the proposed AFS control strategy using the adaptive Fuzzy-PI controller performed significantly better in comparison to the Fuzzy-PI and conventional PI control strategy. This improvement of the armoured vehicle due to lateral and yaw performances can increase the stability of the armoured vehicle after the firing impact. Furthermore, the soldiers driving the armoured vehicle are able to control the vehicle even after the firing impact from the gun.
